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ABSTRACT

A description of fire properties is presented for common material products in terms of
measurement methodology and their theoretical interpretation. Properties related to phenomena
of ignition , flame spread, and burning rate are discussed.  The properties include:  thermal
inertia, ignition temperature, heat of combustion, heat of gasification, total energy and opposed
flow flame spread properties.  An illustration of the importance of the properties in predicting
fire growth is presented in a correlation of flashover time for the ISO 9705 room-corner test.
The correlation shows a sharp threshold for flashover in terms of a correlating variable involving
several properties related to upward flame spread.

INTRODUCTION

The ability to predict the performance of materials and products in fire requires models that can
accurately represent the phenomenon, and measured properties of the material consistent with the models.
Since most products, and even pure materials, display many physical and chemical changes in their
degradation in fire, it is not practical to represent all of these effects in terms of fundamental processes
and properties.  The art of making successful predictions is to capture the key effects, and incorporate
them into measurable properties and models that have universality and consistency.   Other implicit
effects ignored would then be swept into the properties.  The properties to be considered might be
regarded as pseudo-properties since they may characterize several phenomena, as distinct from well
defined thermodynamic and transport properties.

Tewarson (1988) has systematically shown how fire properties of materials can be measured in order to
describe their evolution of smoke and energy under different fire conditions.  Quintiere and Harkleroad
(1984) have shown how measurements could be practically performed to characterize useful flame spread
and ignition properties.  Standard test apparatuses can be used to make these measurements;  namely, the
Factory mutual Flammability Apparatus (Tewarson, 1988), the Cone Calorimeter (ASTM E 1354), and
the LIFT device (ASTM E 1321).  However, the property measurements should not be apparatus
dependent, and other comparable devices should be just as appropriate for making the measurements.
Indeed, for some of the data presented here, the Roland apparatus developed by the LSF Laboratories (Su,
1997) was used as a larger version of the LIFT, and a smaller version was also used in a study for NASA
(Long, 1998).
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This paper will illustrate the theory and measurement bases for the interpretation of material fire
properties associated with fire growth.  It will address ignition, burning rate and energy release, and flame
spread. Illustrations will be given from recent property determinations made in our laboratory in
cooperation with the LSF Laboratories of Italy and the Building Research Institute of Japan, who supplied
the raw data; and from studies supported by NIST and NASA.  These results should indicate the scope of
the application since a diverse range of materials have been considered.  A theoretical basis for the
property measurement will be presented along with some representative results.  An example of the use of
properties in predicting fire growth will be given in terms of a correlation, based on upward flame spread,
to predict flashover times in the ISO 9705 room-corner test.

IGNITION

The simplest theory for the ignition of solids is based on pure conduction without degradation of the
solid, and on the concept of a fixed ignition temperature, Tig.  The ignition temperature is equivalent to
the flashpoint of liquid fuels.  The flashpoint corresponds to the surface temperature sufficient to cause an
evaporating vapor concentration equal to the lower flammable limit.  Hence, on submission of a suitable
energy source or pilot flame, this mixture will ignite and propagate.  Once a flame occurs, its additional
heating of the surface is usually sufficient to cause sustained burning.   Since lower flammable limit
concentrations are very low, typically 5 % or less, then very little evaporation is needed.  Therefore, it is
expected that a solid under the same circumstance will require little degradation to cause piloted ignition.
Based on the concept of a fixed ignition temperature of a material, an expression can be derived for the
time to ignition:
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where  k = thermal conductivity,
ρ= density,
c = specific heat,
T ∞ = initial temperature,

and "
iq&  = incident heat flux.

This equation is approximate and holds only under the following conditions:
        (1) the solid is inert and homogeneous,
        (2) thermal properties are constant,
        (3) its surface emissivity and absorptivity are both unity,
        (4) the incident heat flux is much greater than the surface heat losses,
and  (5) the solid is very thick.

In the last restriction, usually thicknesses greater than 1 mm are sufficient or the effective thickness can
be considered to be composed of the combustible material and its substrate.  An example of the latter
condition is paint or wall paper on gypsum board.  The restriction by (1) appears to be reasonable as long
as the time to a phase change or significant decomposition is long compared to the subsequent time to
achieve a flammable gaseous mixture.

The applicability of this ignition model is judged by how well it can represent data.  Figure 1 shows that

t-1/2 is linear in "
iq& as Eq. (1) predicts.  These data from Long (1998) are for radiative ignition of vertical

black polymethylmethacrylate (PMMA) in sample heights ranging from 35 to 155 mm.  At a low enough
heat flux the material can never reach its ignition temperature.  Ideally for an inert material, the lowest
heat flux to cause ignition must equal the surface heat losses. This can be expressed as
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where h represents an overall heat transfer coefficient involving convection and radiation.  Not

Figure 1.  Radiative piloted ignition for PMMA from Long (1998)

shown in Figure 1 is a critical heat flux of 11 kW/m2 at which ignition does not occur.  From this value
and being able to represent h as a function of temperature, Tig can be determined.  Once this is known, the
thermal property kρc can be determined from the slope of the data in Figure 1.  This methodology is
expressed in the LIFT (ASTM E 1321) standard and allows a deduction of the material fire properties : Tig

and kρc.

From the approximation in the ignition model, it should be clear that these are really modeling properties.
However, they do have physical and chemical significance.  In general, it should be realized that k and c
usually increase with temperature, and k is proportional to density in solids.  Furthermore, as a solid melts
or decomposes, the endothermisity of the these processes should yield an increase in this effective kρc
property. Adding an inert chemical which decomposes before ignition, such as one that releases water,
would both increase kρc and increase Tig since both endothermisity and dilution of the gaseous fuel
mixture would occur.  A similar effect should occur for a flame inhibiting agent.  A thin material on a
high density noncombustible substrate would tend to represent more the kρc property of the substrate
while reflecting an ignition temperature of the thin material.

The method for deducing the ignition temperature from critical flux ignition data is approximate.  Yet in a
study by Wu (1998) of the radiant ignition of weathered crude oils in forced convection, a distinct linear
relationship was found to exist between measured flashpoint temperature and
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Figure 2.  Flashpoint as a function of critical heat flux in weathered crude oils (Wu, 1998)

estimated critical heat flux for each of the weathered samples.  This is shown in Figure 2.  It appears that
the two crude oils, ANS and Cook Inlet, have different absorptivities which would explain the two lines
instead of a unique relationship between ignition temperature and critical flux as given by Eq. (2).  Hence,
a derivation of ignition temperature by Eq. (2) can only yield a relative temperature which fits the
modeling assumptions.

OPPOSED FLOW FLAME SPREAD

Flame spread is related to ignition such that to maintain spread, the material ahead of the burning region
must continually be brought to its ignition temperature.  For the case of flame spread into a wind or into a
naturally induced buoyant flow in downward or lateral spread, the flame is directed away for the material
seeking to be ignited.  For such spread, the flame configuration usually remains constant and the spread
rate remains steady.  For practical applications to real materials, it has been found useful to express the
spread velocity (V) as

2)( sig TTck
V

−
Φ

=
ρ

(3)

This has been found to hold for Ts, the surface temperature before flame heating, above a minimum value.
This minimum temperature has been found to be material dependent. The parameter Φ is a complex
function involving flame heat transfer, the speed of the air flow opposing the spread, and chemical
kinetics.  Despite these dependencies, Φ  can be determined from testing to be an approximate material
property over limited conditions.  In testing, Φ is derived from tests in which radiant heating is
distributed over the sample so that a known incident heat flux produces a corresponding surface
temperature, Ts.  From a relationship like Eq. (2), Ts can inferred in the same way as Tig.
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A standard test for this procedure is the LIFT apparatus (ASTM E 1321), but variations have been
executed with the Roland apparatus by Su (1997) for both downward and lateral spread, and for
horizontal spread on crude oil by Wu (1998).  Results plotted in terms of the incident heat flux give V-1/2

linear with ""
, icriti qq && −  as long as h can be regarded as a constant in relating surface temperature rise to

heat flux as given by Eq. (2).  For the same PMMA material discussed in Figure 1 for ignition, Long
(1998) displays results for lateral flame spread (Figure 3).  The linearity of the results appear to hold over
the core range of heat flux, but diverge from linearity near the low flux limit.  An extrapolation of the line
to the zero intercept yield a critical flux for ignition of 12 kW/m2 which is consistent with 11 kW/m2

independently estimated from ignition tests.

Figure 3.  Lateral flame spread on PMMA from Long (1998)

BURNING RATE PER UNIT AREA

The simplest way to describe the burning rate per unit area ( "m& ) for a material is

                                        Lqm /"" && = (4)

where "q& is the net heat flux at the surface from the gas phase, and L is the heat of gasification.  For the
steady burning of a deep pool of liquid fuel in a perfectly insulated container, L is a pure thermodynamic
property.  It is the sum of the heat of vaporization at approximately the boiling point, and the sensible
energy or enthalpy change to bring the fuel from its original temperature to its boiling point.  For all other
conditions, Eq. (4) is an approximation.  For example, in applying Eq. (4) to the burning of solids whose
decomposition do not follow thermodynamic behavior, and where charring and heat losses lead to
unsteady burning, it must be regarded as approximate.  Yet by using controlled conditions of heat flux, it
is possible to deduce values for L from data.  Such L values can then serve as effective material
properties, especially in the application of Eq. (4) to arbitrary heating conditions.

The Cone Calorimeter (ASTM E 1324) is a device in which controlled heating conditions can be
achieved.  In that device the material would experience a net surface heat flux:
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where "
fq&  is the flame heat flux,
"
extq&  is the controlled external radiant heat flux,

and "
rrq&  is the surface re-radiation heat flux.

It has been shown by Rhodes and Quintiere (1996) that for flame heights greater than about 20 cm in the
Cone, the flame heat flux for a given fuel remains nearly constant.  This appears due to the radiant feat
transfer nature of the characteristic tall column-like flame in the system.  Yet the small flame diameter of
less than 9 cm allows the flame to be mostly transparent to the imposed radiant heat flux.  The re-
radiation heat flux will depend on surface temperature and emissivity and these properties can not easily
be determined.  However, they tend to be close to unity for the heating conditions of the Cone, and
therefore it is expedient to take

4"
igrr Tq σ=& . (6)

Thus, Eqns. (4) - (6) provided a basis for defining L; however, the transient nature of the combustion of
solids must still be considered.

Dillon (1998) has examined several procedures for deriving values of L and favors its evaluation at the
average peak energy release rate.  This has been specifically defined as the average of the energy release

rate per unit area, "Q& , taken over the period where it is greater than 80 % of its absolute peak.  Figure 4
shows the "peak average" value found by this method along with alternatives of using the absolute peak
and an overall value based on the entire flaming period.  The results in Figure 4 are for a three-layered
box-like structure made of polycarbonate.  The "peak average"  approach can be misleading when the
burning pattern is more complex as for plywood shown in Figure 5.  There the magnitude of the first peak
can be subject to inaccuracy due to its sharp nature, and the second peak can be more significant to the
fire growth process.

Figure 4.  Energy release rate for a polycarbonate box structure at 50 kW/m2  (Dillon, 1998)
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Figure 5.  Energy release rate and heat of combustion of plywood at 35 kW/m2 (Dillon, 1998)

The energy release is related to the burning rate by the heat of combustion, ∆ Hc,

cHmQ ∆= "" && . (7)

In the Cone Calorimeter, the heat of combustion is dynamically determined from the instantaneous
measurements of energy release and mass loss rates. Figure 5 shows how the heat of combustion varies
over time with a value of mostly about 10 kJ/g over the flaming period bounded by the two peaks in the
energy release rate curve, and attaining about 25 kJ/g for most of the subsequent char oxidation period.

In the material properties considered in this paper, the values of L and ∆ Hc have been determine from the
peak average energy release periods. Figures 6 and 7 show examples of the determination of these
properties by the peak average method and alternative methods.

Another important property to characterize the combustion of a material is the total burnable fuel
available.  This is an approximate constant, especially over the flaming phase of combustion.   It is
represented by Q" determined from the energy release rate per unit area integrated over time up to a lower
limit of 25 kW/m2 to insure flaming persists.  It is found that Q" is not a strong function of heat flux and it
can be represented by a single characteristic value for a material as illustrated in Figure 8.

For a known heat flux, the energy release rate can be approximated as a square wave function as
illustrated in Figure 9 by knowing the properties: ∆ Hc, L,  Q" and Tig.   The time width of the square
wave can be computed by
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which gives the average burnout time of the material.

Figure 6.  Heat of combustion for paper faced gypsum board from Dillon (1998)

Figure 7.  Heat of gasification for varnished timber from Dillon (1998)
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Figure 8.  Total energy per unit area of varnished timber from Dillon (1998)

Figure 9.  Square wave representation for polycarbonate at 50 kW/m2 (Dillon, 1998)

UPWARD FLAME SPREAD

In an analysis by Cleary and Quintiere (1991), a solution was found for the rate of growth of the pyrolysis
region ( ∆ y) during upward flame spread on a vertical wall.  The problem considered the ignition of the
region yo by a flame whose heat flux is the same as the spreading fire.  Burnout was also considered so
that after burnout the ignition flame over the region yo no longer contributes to the flame length
originating from the pyrolysis region, since yo is no longer burning.  A linear relationship was assumed

between flame length and energy release rate, yQ ∆"& .  For a fixed width of the upward burning region and

for a constant "Q& , the following is found for the energy release
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Table 1.  Material Fire Properties
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Table 2.  Correlating parameters in flashover for the ISO room corner test
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Figure 10.  Correlation for flashover time before material burnout

Figure 11.  Correlation for flashover time after material burnout
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rate relative to the initial value of the ignition source ( "
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where τ = t/tig,  tig of Eq. (1),
        bτ  = tb/tig,  tb of Eq. (8),

        kf = 0.01 m2/kW,
and t is taken as zero at the exposure to the ignitor.  This result shows that the energy release rate in
upward spread is exponential in time. Furthermore, the exponent is controlled by a and b, and it can be

positive or negative depending on the value of "Q& and bτ .  It suggests that for "Q& < 100 kW/m2 and for tb

comparable to the ignition time that spread may decelerate and cease.

This simple model has been used to correlate results for the ISO 9705 Room Corner Test.  The test
involves the corner exposure of a room lined with a material on the walls and ceiling to an ignition of 100
kW for 10 minutes, followed by 300 kW for another 10 minutes.  The test is concluded if flashover (1
MW) occurs or at the end of the 20 minute ignition exposure. The flashover times have been examined
for 45 materials, and the parameters a and b were computed from material properties and using a flame
heat flux of 60 kW/m2 in computing energy release rate and 30 kW/m2 in computing tig. The material data
to compute the properties were derived from several sources documented in Dillon (1998).

Table 1 lists the material properties for the data set associated with the 45 room corner tests.  Table 2 lists
experimental flashover times and the parameters from Eq. (9) used to examine the correlation for the
flashover. As suggested by Eq. (9), two regions are examined: flashover before burnout considering the
importance of the parameter, a, and after burnout considering b.  The exponents involving time are the
motivation of the plots in Figures 10 and 11 which correspond to the two regions.  The results clearly
show a distinct critical region for a and b between 0 and -2 which divides a region of no flashover for
larger negative values from a region in which flashover time is more dependent on ignition time.  These
results seem to confirm the exponential character of upward spread which dominates the fire growth in
the room corner test.

CONCLUSIONS

A rational procedure has been described to derive material properties from tests to serve the ability to
compute aspects of fire growth.  An example of the application of fire properties has been demonstrated
in a correlation for 45 materials tested in the ISO room corner test.  The correlation examines flashover
time and shows the exponential nature of fire growth with respect to time.
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